ABSTRACTt To evaluate the influence of cow breed and number of fetuses on uterine and umbilical blood flows and nutrient flues or uterine tissues from gravid cows, surgery was performed on Charolais or Hereford cows with single or twin fetuses at 177 f .2 d (mean f SEMI after mating. Indwelling catheters were placed in a fetal femoral artery and vein, in an umbilical vein of each fetus, and in a uterine artery and vein of each gravid horn. Deuterium oxide (DzO) was infused into a fetal femoral vein at 183 f .3 and 190 f .5 d after mating to estimate uterine and umbilical blood flows Uiters/minute). Blood oxygen and plasma glucose and lactate concentrations were determined and uterine arterio-venous fA-V) and umbilical venous-fetal arterial h a ) differences and net uterine and fetal uptakes were calculated. Net utilization by the uteroplacenta was calculated as the difference between uterine and fetal net uptakes. Uterine blood flows were lower (P e .01) in Hereford (4.80 f .28) than in Charolais (7.07 f .33) and lower Ip .c .01) per fetus in cows with twin fetuses (5.22 f .34) than in cows with a single (6.65 f .28) fetus. Umbilical blood flows were greater for single than for twin fetuses. Fetal oxygen and glucose net uptakes averaged 57 and 12%, respectively, of net uteroplacental utilization. Lactate was released from uteroplacental tissues to fetal (42%) and maternal circulations (58%). Fetal oxygen uptakes tended to be less for twin fetuses (P = .08) than for a single fetus. Glucose uptakes were least for twin fetuses in Hereford cows and greatest for twin fetuses in Charolais cows. Fetal lactate uptake was similar in Hereford cows with single fetuses and Charolais cows with twin fetuses but greater in the other groups. We suggest from these data that birth weight of twin fetuses is reduced relative to that of single fetuses, in part, as a result of reduced blood flow per fetus perfusing the uteroplacenta.
Introduction
horses were emphatically documented. Similar
In the classical study of Walton and Hammond (19381, maternal constraint of fetal growth and the relation of fetal growth to postnatal growth in ' Mention of a trade name, proprietary products, or specific equipment does not constitute a guarantee or warranty of the product by the USDA and does not imply its approval to the exclusion of other products that may also be suitable. (Reynolds et al., 1985;  Bell et al., 19871, uterine arterial or umbilical occlusion (Gu et al., 1985 ; Anderson et al., 19861 , and divergent breeds (Ferrell, 1991a) have been used to elicit differences in fetal growth. Results from these and other studies have indicated that reduced placental perfusion and(or1 function are associated with reduced fetal growth. It has thus been suggested that placental perfusion and function are important contributors to differences in fetal growth.
Differences among the models in pattern of perfusion and oxygen utilization were noted by Ferrell (1991bl. The objectives of the present study were to determine the rates of uterine and umbilical blood flow and exchange of oxygen, glucose, and lactate in cows with single vs twin fetuses and to determine the extent to which cow genotype influences these variables.
Materials and Methods
Pregnant 4-to 6-yr-old Charolais (728 * 22 kg) and Hereford (537 f 18 kg) multiparous cows from the Meat Animal Research Center (MARC) herds bearing single or twin fetuses were identified by use of ultrasonography at 35 to 45 d after mating.
At approximately d 140 of gestation, Charolais and Hereford cows were moved to a confinement facility for acclimatization to the facilities and to frequent handling. Cows were fed a corn silage diet at levels designed to meet or exceed recommended allowances (NRC, 1984) throughout the remainder of the study. Surgery was performed (d 177 f .2 of gestation; mean f SEMI on four Charolais and four Hereford cows with single fetuses and five Charolais and five Hereford cows with twin fetuses. Catheters were implanted in a uterine artery and vein on each gravid horn and in a femoral artery and vein and an umbilical vein of each fetus as described previously (Ferrell et al., 1983 ; Reynolds et al., 1985 Reynolds et al., , 1986 ).
On d 183 f .3 of gestation, deuterium oxide (D20) was infused (1.91 m L / d for 10 min into a fetal femoral venous catheter, followed by 3 h of continuous infusion (A91 mL/minl. These procedures were repeated at 190 & .5 d of gestation. In cows bearing twin fetuses, D 2 0 was infused into one fetus during the first infusion and into the other fetus during the second infusion. Samples of blood were drawn from all uterine, fetal femoral arterial, and umbilical catheters before initiation of each infusion and at 30-min intenrals during each infusion period. One-milliliter samples were drawn from each uterine catheter and . 5 -d samples were drawn from each fetal catheter into 1.0-mL heparinized syringes, which were then stoppered, placed on ice, and transported to the laboratory for oxygen determinations. In addition, 10-and 5-mZ, samples were drawn from the uterine and fetal catheters, respectively, and placed in tubes containing 15 or 7.5 m g of disodium ethylenediaminetetraacetate, which were then placed on ice and transported to the laboratory. A portion of each sample was analyzed at that time for lactate, a portion was frozen (-20°0 for subsequent D20 determination, and plasma was obtained from the remaining portion. Plasma was stored for subsequent analyses. Maternal and fetal heart rates were determined by visual observation of the meniscus in uterine arterial and fetal femoral arterial catheters, respectively.
Each sample of blood was analyzed for DaO by near-infrared spectrophotometry (Ferrell and Philips, 19791 , for oxygen (Lex-02-Con, Lexington Instruments, Waltham, MA), and for lactate (Ferrell et al., 1983) . Packed cell volumes (PCVI were determined. Glucose concentrations in plasma were determined by a n automated glucose oxidase method (Technicon Industrial Methods No. 339-19, Technicon Industrial Systems, Tarrytown,
NY).
Rates of uterine and umbilical blood flows (liters/minute) were calculated (steady-state diffusion method) by dividing the DzO infusion rate by the mean uterine veno-arterial and fetal arteriovenous D 2 0 concentration difference, respectively, as described by Ferrell et al. (1983) . Plasma flow was calculated as blood flow x (1 -PCV). The rate of placental clearance (liters/minute) of D2O was calculated by dividing the D2O infusion rate by the difference between concentrations of fetal arterial and uterine arterial D2O (Reynolds and Ferrell, 19871. Uterine arterio-venous (A-V) and umbilical venous-fetal arterial (v-a) concentration differences of oxygen, lactate (whole blood), and glucose (plasma) were calculated. Mean concentrations were calculated for each vessel and mean concentration differences were calculated for each cow at each sampling time. Net uptake of each metabolite by the gravid uterus (uterine uptake) was calculated as the mean A-V difference x uterine blood or plasma flow, and net uptake of the fetus was calculated as the mean v-a difference x umbilical blood or plasma flow. Uteroplacental uptake for each cow was calculated as the difference between uterine and fetal uptake.
Data were analyzed by the use of SAS (1985) .
Two-way analysis of variance was used; the model included cow breed (B), type of pregnancy (single vs twin, 'I9, and the two-way interaction (B x T I and cow within B x T. Day of gestation was initially included as a linear covariate but was nonsignificant for all variables; thus, it was removed from the model. Linear and multiple linear regression bBreed of cow (B) , type of pregnancy rr), or the tweway interaction (B x T) were significant sources of variation (P < .OS).
analyses were also used. In regressions of D 2 O clearance on uterine and umbilical blood flows, models with zero intercept were used, because clearance is expected to be zero when either flow is zero.
Results
Because of various technical problems encountered in the study, data were obtained for only three Hereford cows with a single fetus, two Hereford cows with twin fetuses, four Charolais cows with a single fetus, and two Charolais cows with twin fetuses. Nevertheless, the results represent a total of 22 measurements made on 11 cows and included repeated measurements on seven single and eight twin fetuses. Some of the problems encountered included difficulty with cows maintaining twin pregnancies, difficulties in maintaining patency of the numerous catheters, and abortion. A l l of the cows on which data were obtained, however, aborted after the measurements were obtained (196 f 2.0 d. A l l measurements, including maternal and fetal heart rates (69 f 1. 4 and 141 f 1.6 beats/min) and PCV (28.5 f . 3 and 32.2 f .7%1, and concentrations of oxygen, lactate, and glucose were within normal ranges (Ferrell et al., 1983 ; Reynolds et al., 1985, 19861, indicating that fetuses were viable when measure ments were made.
Uterine blood flow Iliters/minute) per fetus was greater (P c .01) in Charolais (7.07 f . 331 Uterine arterial oxygen concentrations ( Table 2 1 were greater i n Hereford than in Charolais cows.
Uterine A-V oxygen concentration differences were greatest in Hereford cows with twins, smallest in Charolais cows with twins, and intermediate and similar in Hereford and Charolais cows with a single fetus, resulting in a significant B x T interaction. Umbilical venous oxygen concentrations and v-a concentration differences were similar among all groups. Gravid uterine oxygen uptake Imillimoles/minute) tended [P = .lo) to be less in Hereford (3.77 f .381 than in Charolais (4.87 f .48) cows, primarily reflecting differences i n rates of uterine blood flow. Twin fetuses tended (P = .08) to have lower oxygen uptakes per fetus (1.21 f .18 mmol/minl than single fetuses (1.67 f .121, which, as observed for uterine oxygen uptake, primarily reflected difference in blood flows. Net oxygen uptakes of uteroplacental tissues did not differ significantly among groups.
Uterine arterial glucose concentrations (Table 3) were greater in Charolais cows with a single fetus than in the other three groups. This was the primary reason for a B x T interaction and a trend 0 = .071 for greater glucose concentrations in Charolais than in Hereford cows. Uterine glucose A-V differences did not differ among the groups.
Fetuses in Charolais cows had higher glucose concentrations than fetuses in Hereford cows. In addition to this breed effect, umbilical venous glucose concentrations were 50% of uterine arterial concentrations. Umbilical venous glucose concentrations (millimoles/literl were influenced (P < .05) by the interaction between cow breed and number of fetuses. In Hereford cows, single and twin fetuses had similar glucose concentrations, but in Charolais cows, single fetuses had greater In addition, net fetal glucose uptake was greatest in twin fetuses in Charolais cows and least for twin fetuses in Hereford cows, resulting in a significant B x T interaction. Uteroplacental glucose uptake tended (P = .lo) to be less with twin (.71 f .16) than with single (1.08 f .I21 fetuses.
Uterine arterial lactate concentrations (millimolesfiter, Table 41 were greater in Hereford (.58 f .047) than in Charolais (.41 f .052) cows, but A-V concentration differences did not differ significantly among the four groups. Umbilical venous lactate concentrations were approximately fourfold greater than uterine arterial concentrations, but neither fetal arterial concentrations nor v-a differences differed among groups. Net release of lactate from uteroplacental tissues to both fetal and maternal circulations were observed. Net uteroplacental lactate release was greater in Hereford cows with twin fetuses than in those with a single fetus but smaller in Charolais cows with twin fetuses than in those with a single fetus. Fetal lactate uptake did not differ signifkantly among the four groups, but net lactate release into the maternal circdation followed a pattern similar to that observed for total net uteroplacental secretion.
Discussion
In three previous reports, uterine blood (Ferrell, 1991bl. Data from that study (Ferrell, 1991a,b) indicated that uterine blood flow was greater in Charolais cows than in Brahman cows and that greater uterine blood flow was associated with greater fetal and placental weight and greater rates of fetal growth in late gestation. Thus, findings from these studies are consistent with data form the MARC cow herd (Gregory et al., 19881 , which indicated that birth weights of calves of Charolais cows (44.7 kg, n = 1,032) were approximately 24% heavier than those of Hereford cows (35.9 kg, n = 1,064) when both groups were inter-se mated.
Gregory et al. (19901 Yoncentrations and concentration differences were expressed as millimolesfiter and net bBreed of cow a), type of pregnancy CI?, or the two-way interaction IB x T I were significant (P <
.10 denoted as NS.
uptakes were expressed as millimoles .minute-' .fetus-'.
.051 sources of variation; P > .05 but < .lo denoted as superscripts and P in cows with twin fetuses was approximately 78% of that observed in cows with a single fetus. These observations support the suggestion that reduced birth weight of twin compared with single fetuses is related to reduced uterine blood flow, and reduced nutrient delivery, per fetus.
Although uterine blood flow in Charolais cows was greater than in Hereford cows, the percentage increase in uterine blood flow in response to twin fetuses was similar in Charolais and Hereford cows. Those results indicated that both breeds responded similarly to increased fetal demands associated with the twin pregnancy. These observations are consistent with data reported by Ferrell (1991bl in which greater fetal mass was associated with greater uterine blood flow in Charolais cows. In contrast, data from the same study indicated that uterine blood flows of Brahman cows were similar whether they carried a Charolais or Brahman fetus, even though the Charolais fetuses weighed nearly twice as much as the Brahman fetuses. The apparent parallel response of Hereford and Charolais cows but different response of Brahman cows is consistent with greater maternal constraint of birth weight, which has been reported for Brahman cows ( Ellis et al., 1965; Reynolds et al., 1980) .
The observation that umbilical blood flow of twin fetuses was approximately 18% lower than umbilical blood flow of single fetuses likely reflected the lower weight of twin fetuses and their associated placentas. This finding is supported by the data of Bellows et al. (19901, which indicated that weights of Jersey-sired twin fetuses were 8 and 23% less than those of single fetuses at 180 and 250 d of gestation, respectively. Conversely, umbilical blood flows were similar in Hereford and Charolais cows. Although we can only speculate, these findings suggest that fetuses in Hereford and Charolais cows were of similar size at this stage of gestation. In support of this speculation, data reported previously (Ferrell, 1991bl showed that umbilical blood flow was related EL2 = .60) to fetal weight. Gelbvieh-sired fetuses, such as those in Hereford cows in the present study, are expected to have genetic potential for high rates of fetal growth (Gregory et al., 19881 , and maternal constraint of fetal growth is of greater importance during later stages of gestation when fetal size and rate of growth are the greatest CFerrell, 1991a1. The ratio of umbilical to uterine blood flow was .256 in Hereford and .166 in Charolais cows. We interpret these observations to indicate potential for greater maternal constraint of fetal growth during late gestation in the Hereford than in the Charolais cows.
Placental clearance of highly diffusible substances, such as water, has frequently been used as an index of the functional capacity of the placenta Wilkening et al., 1982; Faber and Thornburg, 1983; Bell et al., 1986; Reynolds and Ferrell, 1987) . Meschia and coworkers (Meschia et al., 1967; Wilkening et al., 1982; Meschia, 19831 (A-V) , or umbilical veno-arterial (v-a) aConcentrations and concentration differences were expressed aa millimolesfiter and net %reed of cow (B1, type of pregnancy 0, or the two-way interaction (B x "I were significant (P uptakes were expressed as millimoles.minute-' .fetus-'.
.OS) sources of variation; P > .10 denoted as NS.
These observations indicate that placental exchange in these cows at approximately 186 d of gestation was less efficient than would be predicted from a concurrent model of exchange. These results are in agreement with those of Reynolds and Ferrell (19871, who suggested that shunting of blood away from sites of exchange was a potential explanation of the efficient exchange.
In contrast, data of Ferrell (199lbl indicated that at 227 d of gestation, efficiency of placental exchange was similar to that predicted from a concurrent model. It seems likely that placental function becomes more efficient during later gestation in the cow, possibly as a result of decreased shunting.
Relationships between D20 clearance rates (C, literdminutel and uterine and umbilical blood flows were as follows: These regressions indicated that clearance rates were related to both uterine and umbilical blood flows, as expected. Standardized partial regression coefficients for the multiple linear regression of clearance on uterine and umbilical blood flows (Equation t31) were .63 and .32, respectively. Thus, in this study, uterine blood flow was approximately twice as important as umbilical blood flow in determining clearance rates. This result was unexpected because in a flow-limited system, clearance rate is expected to be most highly related to the lesser of the two flows. In addition, previous data in cows indicated that the umbilical blood flow was more important than uterine blood flow in determining clearance rates (Reynolds and Ferrell, 1987; Ferrell, 199lb) . The reason for these apparent discrepancies is not evident.
Uterine arterial oxygen concentrations in Hereford cows were similar to values reported previously (Ferrell et al., 1983; Reynolds et al., 1986) . Values in Charolais cows were similar to those observed by Ferrell (1991b) but less than those of Hereford cows. The reason for this observation is not known. Umbilical venous oxygen concentrations were similar to those observed previously (Reynolds et al., 1986) and averaged 71.5% of uterine arterial oxygen concentrations. In this study, v-a concentration difference was approximately twice as great as A-V concentration difference. Thus, although umbilical blood flow was 16 to 25% of uterine blood flow, fetal oxygen uptake averaged 36% of uterine uptake. This value is similar to those obtained in previous studies (29 to 48Oh) conducted at a similar stage of gestation (Ferrell et al., 1983; Reynolds et al., 1985 Reynolds et al., , 1986 using single fetuses. These results confirm those of previous studies indicating that uteroplacental tissues use a high proportion (64%) of the oxygen taken up by the uterus, especially at this relatively early stage, when fetal demands are low. As for umbilical blood flows, the lower oxygen uptakes of twin than of single fetuses likely reflected the reduced size of twin fetuses. In contrast to results obtained previously for Brahman cows with Charolais vs Brahman fetuses [Ferrell, 199lb) no evidence was obtained in the present study to suggest that oxygen availability to uteroplacental tissues was limited in twin vs single pregnancies, even though total fetal mass was expected to be much greater with twin pregnancies. These fmdings may result from several factors, including breeds of cows used and stage of gestation at which the studies were conducted.
Although some differences among treatment groups were seen, mean glucose and lactate concentrations, concentration differences, and net uptakes by uterine, fetal, and uteroplacental tissues were similar to those reported by Ferrell et al. (19831 and Reynolds et al. (1986) . In the present study, as in previous reports, fetal glucose uptake represented a relatively small proportion (12%) of uterine uptake. Conversely, high rates of glucose metabolism by uteroplacental tissues were indicated. Presumably, a large proportion of the glucose was oxidized by uteroplacental tissues, but up to 23% of the glucose used by uteroplacental tissues was converted to lactate (assuming glucose was the sole source of lactate). In addition, oxygen consumption by uteroplacental tissues was sufficient to oxidize only 54% of the glucose apparently taken up by those tissues. Thus, a significant portion of the glucose taken up by the uteroplacenta is probably converted to lactate and secreted into maternal and fetal circulations.
Glucose is generally considered to be the major energy source of the fetus. Data obtained in this study indicate that oxidation of lactate taken up by the fetus would yield approximately 75% of the energy obtainable from glucose oxidation, if both glucose and lactate were totally oxidized by the fetus. Given these assumptions, oxidation of glucose and lactate could maximally account for 43 and 349'0, respectively, of fetal oxygen uptake. These observations agree with previous reports in ewes and cows (Meschia et al., 1980; Ferrell et al., 19831, which also indicated that an additional 25% of fetal oxygen consumption could be attributed to amino acid oxidation.
In conclusion, data obtained in this study support the suggestion that reduced birth weights of twin fetuses in cattle may be related to reduced uterine and(or1 umbilical blood flows. In this study, little consistent evidence was obtained to support the concept that fetal growth of twin fetuses was reduced because of reduced nutrient transfer to the fetus. Uteroplacental oxygen consumption was similar among treatments and net uteroplacental glucose uptake only tended to be reduced in twin pregnancies, whereas uteroplacental lactate secretion waa increased in Hereford cows with twins but reduced in Charolais cows with twins. These data differ in some respects from those obtained when other models of fetal growth restriction were used (Reynolds et al., 1985;  Anderson et al., 1986;  Owens et al., 1986; Bell et al., 1987; Ferrell 1991a,b1 . Fetal growth restriction in each model, however, was associated with reduced uterine and umbilicd blood flows and reduced oxygen consumption of uteroplacental tissues. It has been proposed that uterine and umbilical blood flows and placental function become insufficient to support maximum growth of twin fetuses only later in pregnancy. However, umbilical blood flow data from the present study were consistent with those of Bellows et al. (19901 and suggest that fetal size was reduced in twin fetuses at 183 to 190 d of gestation. Thus, constraint of fetal growth in cows may occur earlier in twin pregnancies than previously observed for other models of fetal growth restriction.
Implications
The data reported from this study support the suggestion that perfusion of the uterus of gravid cows is strongly related to fetal growth. Lower rates of uterine and umbilical blood flows and commensurate alterations of placental function provide a partial explanation of the reasons for lower birth weight of t w i n vs single fetuses and lower birth weight of calves born to Hereford than to Charolais cows. Homeorrhetic regulation of uterine blood flow should be a potentially productive area for future research.
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